The mechanism of growth inhibition of Escherichia coli by thioglycerol was probed. The extent of growth inhibition depended on the ratio of thioglycerol to initial cell concentration. Exogenously added methionine and several methionine analogues reversed the inhibition of 2 to 40 mM thioglycerol. Exposure to thioglycerol elevated the intracellular concentration of methionine, but the level of S-adenosylmethionine was depressed. Thioglycerol was methylated in vivo to 3-methylthio-1,2-propanediol.
Thioglycerol, a water-soluble, small, neutral thiol, inhibits the growth of gram-positive and gram-negative bacteria (9) . Little is known about the mechanism of growth inhibition, other than that it preferentially depresses RNA synthesis. Since this occurs after some delay, it is apparently a secondary effect (9) .
The present study seeks to identify the primary site(s) of growth inhibition. There are perhaps hundreds of sites in the cell with the potential to interact with any given exogenous thiol, and identification of all of these would be a very difficult task, not to mention the problem of deciding which of these is (are) responsible for growth inhibition. However, if not all of these sites are accessible to exogenous thioglycerol, and if among the sites that interact with this thiol there are some which do not affect growth rate, then perhaps the primary sites of growth inhibition could be identified.
The results described in this and in a companion article (8) , in fact, point to the existence of only two types of inhibitory sites. The first site may involve the depression of the intracellular level of S-adenosylmethionine (SAM). The second inhibitory site is the oxygen uptake system of Escherichia coli.
MATERIAL AND METHODS Organisms. E. coli K-12 THU (thy-his-ura-) was used for most of the experiments. E. coli 2379 (leu. met-lac-) was obtained from L. Bullas. E. coli JM81A (cysC92 tfr-8 F-) was obtained from B. Bachmann.
Reagents. Amino acids, purines and pyrimidines, nucleosides, monosaccharides, succinate, vitamins, methionine analogs, homocysteine, SAM, SP-Sephadex, S-adenosylhomocysteine, and thioglycerol were purchased from Sigma Chemical Co. S-Methylthioglycerol was purchased from Aldrich Chemical Co.
Amberlite MB-1, a mixed bed of cation and anion exchange resin, was obtained from Mallinckrodt Co. All inorganic salts (reagent grade) and silica gel thinlayer chromatography plates (Si250F) were obtained from J. T. Baker Chemical Co.
Media. Cells were grown in a phosphate-buffered minimum medium (4) supplemented with their particular growth requirements and 0.3% (wt/vol) glucose. Strain THU received thymine (0.01 mg/ml), uracil (0.01 mg/ml), and histidine (0.05 mg/ml). Strain 2379 was raised in the presence of leucine and methionine at 0.05 mg/ml each, and strain JM81A needed cystine at 0.025 mg/ml for growth. adenosine, guanosine, cytidine, and uridine, and thymine at 7.4 .g/ml also.
Growth. Growth was accomplished either by shaking 10-to 50-ml volumes of cultures in 125-to 250-ml SAM determination. A slightly modified version of the method of Glazer and Peale (6) was used. A 120-ml culture of E. coli THU was grown, as described above, in the presence of [2,8-3H] and 90 min, 6-ml portions were removed, their ODwos were determined, and they were transferred into prechilled centrifuge tubes containing 4 ml of 20o (wt/vol) trichloroacetic acid and 5 mM EDTA as well as 50 RI1 of nonlabeled SAM (1 mg/ml). After 30 min on ice, the cultures were centrifuged at 10,000 x g for 15 min, and the supernatants were stored on ice until processing. All samples collected were processed within 72 h. Each sample was applied to a freshly prepared SP-Sephadex column (1 by 6 cm), and the contents of the column were eluted with 37 ml of 0.2 N HCI (collected in 80-drop fractions by an LKB Ultrorac 7000 fraction collector) and 26 ml of 0.5 N HCI. A 0.5-ml portion from each fraction was transferred to 5 ml of Betaphase scintillation cocktail (WestChem, San Diego, Calif.) and counted in an Isocap 300 liquid scintillation counter. The efficiency of recovery of SAM was determined by measuring the absorbance of each fraction at 257 nm. Molarity of SAM was calculated by estimating the cell volume as described above and using the specific activity of adenine to calculate the moles of SAM recovered.
Identification of S-methylthioglycerol. A 20-ml sample of a logarithmically growing culture of E. coli THU was supplemented with L-[methyl-14C]methionine (1.5 ,uCi and 10 ,ug/ml). At OD520 = 0.3, 10 ml of culture received thioglycerol (0.034 M), and both cultures were incubated for 90 min longer. The cells were centrifuged at 10,000 x g for 15 min, and the supematants were loaded onto an Amberlite, mixed-bed, ionexchange resin column (14 by 1.5 cm). Twenty 40-drop fractions were collected during elution with distilled water. The optical densities of each fraction were determined at 225 nm. The fractions containing the first peak were combined and lyophilized. The residues were taken up in a small volume of distilled water and were chromatographed two-dimensionally on silica gel thin-layer plates (20 by 20 cm). Each sample was applied to a separate plate approximately 2.5 cm from the lower left corner. Applied directly on top of the sample was a standard solution of S-methylthioglycerol. The same solvent was used in both dimensions: benzyl alcohol, isopropanol, methanol, water (20:10:10:15, vol/vol/vol/vol). After the plates were dried under a stream of air at 30°C, they were placed in an iodine chamber, and the spots of thioglycerol and Smethylthioglycerol became visible within minutes. These spots were circled, the material in them was scraped into a scintillation vial and covered with 5 ml of cytoscint (WestChem), and the radioactivities were determined. The Rf of thioglycerol in this system was 0.73, and that of S-methylthioglycerol was 0.79.
Autoradlography. For autoradiography, the experiment described above was repeated, except that [methyl-14C]methionine was used in place of tritiated methionine. The thin-layer plates, after chromatography and drying, were placed in Kodak X-Omatic C-2 cassettes with Kodak X-Omat R film for 12 days and then were developed by a Kodak X-Omat processor.
RESULTS
Increased amounts of thioglycerol added to logarithmically growing cultures gradually curtailed their growth (Fig. 1) . The leveling off of the growth curves was not caused by accumulation of toxic substances in the medium. This was concluded after each stationary-phase culture was centrifuged, washed, and resuspended in fresh growth medium containing the previous amount of thioglycerol. Although the cells were viable, there was no further growth.
The growth inhibitory effect of thioglycerol was due to its sulfhydryl group, because Smethylthioglycerol did not inhibit the growth of E. coli THU in the range of 0.002 to 0.1 M (data not shown).
The extent of growth inhibition by thioglycerol was quantitated by determining the mean growth rate of each culture and expressing it as a percentage of the mean growth rate of the un- only on the concentration of thioglycerol but also on the initial cell concentration (Fig. 2) (Fig.  3) . Removal of vitamins did not lessen the protective effect of the medium, but without amino acids there was no protection (Fig. 3) . Testing systematically the protective effect of all 19 amino acids, it was found that methionine alone could protect the cells essentially to the same extent as the enriched medium at a low concentration (2 to 40 mM) of thioglycerol (Fig.  3) . None of the other 19 amino acids exhibited this effect. There was no enhancement of protection between 0.03 and 6 mM methionine. Moreover, methionine could reverse the inhibition by thioglycerol even after 2 h of prior exposure to the thiol (Fig. 4) . Against higher concentrations of thioglycerol (40 to 90 mM), methionine offered gradually -diminished protection.
Several methionine analogs and the metabolic precursor of methionine homocysteine were tested for their ability to counteract the inhibitory effect of thioglycerol ( Since thioglycerol did not appear to block methionine biosynthesis, we tested whether it interfered with methionine utilization. Cultures growing in the presence of radioactive adenine were treated with thioglycerol, and the levels of SAM were measured. Thioglycerol markedly depressed the intracellular concentration of SAM, and exogenously added methionine elevated the level of SAM several times above the control, even in the presence of thioglycerol (Fig. 5) .
Thioglycerol could lower the SAM content of E. coli by acting as an effective acceptor of activated methyl groups. To test whether this was the case, we grew E. coli THU cells in the presence of methionine, tritium labeled in its methyl group. The culture was divided, and half received thioglycerol. Assuming that thioglycerol was methylated, the newly formed S-methylthioglycerol was likely to leave the cell to equilibrate its concentration within and outside the cell. Therefore, we attempted to isolate tritiumlabeled S-methylthioglycerol from the growth medium. The growth media were purified by ion-exchange chromatography, and the relevant fractions were combined, concentrated, and thinlayer chromatographed in the presence of authentic S-methylthioglycerol. The labeled methyl group of methionine was transferred to thioglycerol (Table 3) . This experiment was repeated, using [14C]methionine, and the thinlayer plates were subjected to autoradiography.
The purified culture medium of thioglyceroltreated cells produced a dark spot on the photographic plate corresponding to S-methylthioglycerol, whereas no spots were seen on the control plates (data not shown).
We examined whether E. coli could metabolize thioglycerol. The hydroxyl group on C-3 of thioglycerol may be phosphorylated, then oxidized to carboxylic acid. This would be followed by oxidation and amination of C-2, yielding cysteine or cystine. However, thioglycerol could not substitute cysteine or cystine in a culture of E. coli JM81A, a cysteine-deficient strain. Similarly, we tested whether S-methylthioglycerol could be metabolized by E. coli as a carbon source by adding this substance to cultures deprived of their carbon energy sources. The results, again, were negative. We concluded that E. coli cannot metabolize thioglycerol or Smethylthioglycerol.
DISCUSSION
That thioglycerol slowed down exponentially growing cells to arithmetic growth indicated that one or several essential cellular components became rate limiting. In the presence of low concentrations of thioglycerol (2 to 40 mM), one possible growth limiting substance may be SAM. I demonstrated that the intracellular level of SAM was lowered by as much as 60% by thioglycerol under my experimental conditions. Since SAM is a key substance in the biosynthesis of hundreds of different types of molecules (2), its lowered intracellular concentration could well affect the growth rate of the cell. Supporting this notion is the finding that exogenous methionine restored most of the original growth rate, while at the same time elevating the SAM concentration. Nevertheless, it remains an open question whether the intracellular SAM concentration is the only growth rate limiting factor in the presence of low concentrations of thioglycerol. Plus a-keto-y-methiol bu- logarithmically growing culture of E. coli THU (OD520 = 0.25), a 5-ml portion was removed, and the remaining volume was adjusted to 0.02 M with respect to thioglycerol. Twelve 5-ml portions were removed, and to each portion, 25 ,ul of one of the various methionine analogs (1 mg/ml) was added. Cultures were aerated at 37°C for 4.5 h, and the mean growth rate of each was determined. The control culture was the thioglyceroltreated sample which had no other addition. The increase in the size of methionine pool may be explained by the lowered SAM level since SAM is a corepressor of methionine biosynthesis (12) . However, the intracellular levels of several other amino acids also increased in the presence of thioglycerol. Therefore, it is possible that other factors, not yet understood, also contributed to the rise in the methionine pool.
Minutes of Thiog1ycero1 treatment The lowered intracellular SAM concentration and the appearance of methylated thioglycerol in the culture medium suggest that SAM was the methyl group donor to thioglycerol. In harmony with this hypothesis is the observation that the radioactive label on the methyl group of methionine found its way to S-methylthioglycerol, which was secreted by thioglycerol-treated E. be the first substance, so far as we are aware, which accomplishes this without interfering with ATP:L-methionine adenosyltransferase. Methylation of thioglycerol may be viewed as a detoxification mechanism since the product Smethylthioglycerol is not a growth inhibitor. It could also be the means by which high initial cell concentrations achieve a degree of resistance to thioglycerol.
We do not know whether growth in the presence of thioglycerol produces undermethylated nucleic acids and proteins. It is tempting to speculate, were such the case, that the premature leveling off of the growth curves in Fig. 1 was caused by the gradual accumulation of undermethylated components.
Since exogenously added methionine could not reverse the growth inhibition caused by higher concentrations of thioglycerol (40 to 90 mM), it is clear that at this level of thiol, other inhibitory mechanisms are involved. These appear to be related to the oxygen uptake system of E. coli (8) .
Thioglycerol affects higher cells as well. At micromolar concentrations it facilitates the in vitro proliferation of several mouse lymphoma cell lines (1) , and it stimulates DNA synthesis, blast transformation, and polyclonal antibody production of cultures of murine spleen cells (7) . At 
